Non-covalent inclusion complexes formed between amino acids and derivatized calix [6] arenes are observed in MALDI mass spectrometry. The methyl, ethyl, and propyl ester derivatives of calix [6] arene yielded amino acid complexes, while the smaller calix[4]arene analogs did not. Similarly the underivatized calix[6]arene and calix[4]arene did not produce complexes. Amino acid complexes were observed for nearly all 20 amino acids in time-of-flight (TOF) analysis. In Fourier transform mass spectrometry (FTMS) analysis, however, only the most basic amino acids arginine, histidine, and lysine formed stable adducts. The complexes were abundant under matrix-assisted laser desorption ionization (MALDI) conditions, which suggested favorable interactions between host and guest. (J Am Soc Mass Spectrom 2002, 13, 964 -974) 
C alixarenes owe their utility to their ability to act as host compounds, forming host-guest complexes in solution [1] [2] [3] . Their applications in this function are diverse. The high selectivity of some calixarenes for cesium and uranium-containing ions has led to their use in nuclear waste treatment [1, 2, 4] . The selectivity of others for smaller alkali metals has led to their studies as sensor devices [5] [6] [7] [8] [9] . In some instances, calixarenes were also used as catalysts in synthetic reactions [10 -13] and as liquid crystals [14] .
Calixarenes share structural similarities with crown ethers and cyclodextrins-compounds used extensively for molecular recognition. However, calixarenes possess sizable inner "cavities" that crown ethers or their derivatives do not. In addition, they are synthetically prepared allowing a wider array of sizes and shapes that are not available with cyclodextrins.
By far the majority of the studies that involve calixarenes center around the recognition of ionic metal species. Investigations that explore the use of calixarenes for amino acid recognition are less common [15] [16] [17] [18] [19] [20] . They are smaller in number than similar studies with cyclodextrins, which also form inclusion complexes with organic amines. However, the potential of calixarenes as artificial receptors and sensors for biomolecules, specifically amino acids and peptides, has long been recognized. The vast majority of these studies on calixarenes has focused on the calix [4] arenes, primarily because they possess open and rigid structures that are desirable for molecular recognition [3, 21, 22] . Arena et al. examined the complexation of a number of naturally occurring amino acids with soluble derivatives of calix [4] arenes [23] . The host compounds were derivatized with carboxylic acids and sulfate esters. Calix [4] arenes derivatized with ␣-aminophosphonates were found to exhibit high selectivity as carriers of the zwitterionic forms of aromatic amino acids through membranes [18] . In chromatography, silica-bonded calixarenes have been used for retaining amino acid esters [24] . Chiral recognition of ␣-amino acids by calixarenes has also been investigated [25, 26] .
Gas-phase complexes of calixarenes are readily produced by a number of ionization methods [27] [28] [29] [30] . Calixarenes are intrinsically strong chelators of alkali metal ions and produce the corresponding quasimolecular ions abundantly. Metal binding selectivites of a series of calixarenes have been determined by Brodbelt and co-workers using matrix-assisted laser desorption/ ionization (MALDI) and electrospray ionization (ESI). Size selectivities were obtained with various derivatized compounds [31, 32] . Complexes of calix [4] arenes with alkylammonium ions have been generated directly from solution by ESI [33] . The complex of calix [4] arene with benzylammonium cation has been generated by Dearden and co-workers by gas-phase ion molecule reactions [34] . Similar reactions have been used extensively by Vincenti and co-workers to produce a number of gas-phase host-guest complexes [27, 35, 36] . A number of higher order complexes composed of guest molecules sequestered in multiple calixarene hosts (usually 2:1 host/guest) has been produced using electrospray ionization.
The gas-phase chemistry of calixarene-amino acid complexes may provide indications of the intrinsic utility of calixarenes as recognition devices for amino acids and peptides. However, to date, there have been no reported studies of these complexes in the gas-phase.
In this report, we show that modified calix [6] arene binds strongly to amino acids to produce gas-phase complexes that withstand even the relatively energetic process of MALDI. The formation of these complexes, particularly by MALDI, is unprecedented. No hostguest complexes of either cyclodextrins or crown ethers have been produced in the gas phase by this ionization method. This attests to the strength of the interactions in the complex.
Experimental
Unless stated otherwise, the chemicals used in the derivatization reaction were purchased from SigmaAldrich (St. Louis, MO) and used without further purification. Amino acids were purchased from Research Plus, Inc. (Denville, NJ) and Sigma Chemical Company (St. Louis, MO). Solvents were of HPLC grade.
Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectra were recorded on an external source HiResMALDI (IonSpec Corporation, Irvine, CA) equipped with a 4.7 Tesla magnet and a LSI 337-nm nitrogen laser. TOF data was recorded using a Proflex III MALDI-TOF instrument (Bruker-Daltonics, Billerica, MA) with a 337 nm nitrogen laser. 2,5-Dihydroxybenzoic acid (DHB, 5 mg/100 L in ethanol) was used as the matrix in all experiments. An ammonium-resin was used to desalt the calixarene solutions and produce the NH 4 ϩ adduct. Amino acid solutions were prepared at a concentration of 100 mg/mL in water. For the amino acids not soluble at this concentration, the saturated solution was used.
Preparation of the Ammonium Resin
The cation exchange resin (ammonium form) was prepared by a previously published procedure [37] . An H ϩ cation exchange resin (100 -200 mesh, BioRad, NY) was stirred in a 1 M ammonium acetate solution for 12 h. The product was filtered and washed with 1 M ammonium acetate solution, deionized water, acetone, and hexane. The resin was dried and stored for future use.
Synthesis of Modified Calixarenes
The modified calix [4] and calix [6] arenes (Scheme 1) were all synthesized using the same procedure. The procedure for calix [6] arene hexaethyl ester (C6A-Et) is provided and was modified from the method published by Arnaud-Neu et al. [38] and Grady et al. [39] Calix [6] arene (C6A, 200 mg, 0.31 mmol) was suspended in dry acetone (5 mL). Anhydrous potassium carbonate (390 mg, 2.82 mmol, 50% molar excess over 6 OH-groups) was added at room temperature followed by ethyl bromoacetate (0.4 mL, 3.77 mmol, 100% molar excess over 6 OH-groups). The reaction mixture was heated to reflux for 12 h under exclusion of moisture, cooled to room temperature, and allowed to sit overnight. Thin layer chromatography (TLC) on silica gel (solvent: CHCl 3 ) showed complete consumption of the starting material. The reaction mixture was filtered through Celite (J. T. Baker, Phillipsburg, NJ). The KBr filter cake was washed with CHCl 3 (3 ϫ 5 mL). The combined organic filtrates were evaporated to dryness on a rotavap (model R-3000, Bü chi, New Castle, DE) in vacuo (ϳ10 Ϫ4 torr) and the residue was crystallized twice from ethanol to give the hexaethyl ester (C6A-Et).
Synthesis of the Hexamethyl and Hexapropyl Ester of Calix[6]Arene
C6A-Et (0.4 g, 0.35 mmol) was suspended in a solution of ethanol:water (1:1, 10 mL) and potassium hydroxide (0.4 g, 7 mmol) was added. The mixture was heated to reflux for 2 h and cooled to room temperature. Addition of concentrated hydrochloric acid to pH ϭ 1 gave a white precipitate, which was filtered off. The product was suspended in water (10 mL) and potassium hydroxide (0.4 g, 7 mmol) was added. The mixture was heated to reflux for another 5 h and cooled to room temperature. Addition of concentrated hydrochloric acid to pH ϭ 1 gave a white precipitate, which was filtered off and dried over CaCl 2 in an evacuated desiccator (yield: 87%). The free acid (1 mg, 1 mmol) was dissolved in thionyl chloride (30 L) and heated to 60°C for 1 h. To this solution methanol (100 L) or n-propanol (100 L) was added slowly to give C6A-Me and C6A-nPr, respectively. Subsequently, the solution in CHCl 3 was filtered through a small plug of aluminum oxide (basic, activated, Brockman I) to remove any free acid.
Mass Spectrometric Analysis (MALDI-FT-ICR)
The derivatized calixarenes were dissolved in chloroform (c ϳ 10 Ϫ5 M). The resulting solution (1 L) was applied to the MALDI probe along with a small amount of ammonium-resin, followed by amino acid solution (1 L, 100 mg/mL) and matrix solution (2 L). The samples were crystallized under a stream of air and subjected to mass spectral analysis [40 -43] . The standard FT-ICR pulse sequence consisted of a laser pulse, a gas pulse (argon) after 100 ms to cool the ions, and detection after 5000 ms. For all CID experiments, the appropriate isolation pulses were programmed starting at 3 s after the initial ionization and were followed by sustained off resonance irradiation (SORI) excitation at 6 s (1 s, 5 V base to peak, ϩ1000 Hz off-resonance). At a background pressure of 10 Ϫ10 torr, argon gas was administered through a pulse valve at 6 and at 6.5 s for 2 ms each to generate a peak pressure of 5 * 10 Ϫ5 torr. Final excitation for detection was performed 12 s after the initial laser pulse.
Mass Spectrometric Analysis (MALDI-TOF)
The calixarene solution (0.5 L) was applied to the MALDI probe along with a small amount of ammonium-resin, followed by amino acid solution (0.5 L) and matrix solution (1 L). The samples were crystallized under a stream of air and subjected to mass spectral analysis. Ion lens 1 was charged to 20 kV. The voltage on the second ion extraction lens was adjusted for optimal focussing (18.60 -19.10 kV). The laser discharge frequency was 2 Hz with a detector time window of 1 ns corresponding to an m/z window of 4500.
Molecular Modeling
Calculations were performed using Biosym Insight II with the consistent valence force field (CVFF). Calculations of the complexes were started with fully optimized calixarene host and amino acid structures. During the simulation, the structures of both the amino acids and the hosts were allowed to fully optimize. Unless stated otherwise, the complex was heated to 600 K for 400 ps. At every 8 ps, a structure from the trajectory was captured and annealed in steps of 100 to 0 K. The heating/annealing cycles helped to avoid local minima and facilitated finding the global minimum. This resulted in 50 annealing simulations with a corresponding number of structures. [4] arene and Calix [6] arene MALDI-FT-ICR analysis of the calix [4] arene (R ϭ H, Scheme 1) produced the alkali metal ion adducts. For example, the sodiated species (m/z 447.173) yielded a high signal-to-noise ratio ( Figure 1a ). Alkali metal coordinated species were also abundant for calix [6] arene (C6A R ϭ H, Scheme 1). For example, the FTMS of C6A produced the sodiated species (m/z 659.243) when the sample was doped with NaCl ( Figure 1b) , with little fragmentation observed. The signal at m/z 715.310 was due to an impurity. An impurity due to calix [5] arene gave the signal at m/z 553.202. When the compound was doped with other alkali metal salts, the corresponding alkali metal coordinated species were observed as the major peak in the MALDI-MS spectra. MALDI-TOF spectra produced similarly strong signals of the quasimolecular ion with high signal-to-noise. Calixarenes are structurally similar to crown ethers, which are also known to be strong chelators of alkali metal ions in the solution-phase [34] . Indeed, both the calix [4] arene and calix [6] arene produced abundant quasimolecular ions with all alkali metals attempted (Li
Results

MALDI-FT-ICR of Calix
Attempts to produce the ammonium coordinated species of the underivatized parent compounds failed despite numerous attempts including varying the sample preparation conditions and the solvents. Only the sodium and potassium coordinated species were observed when the sample was exposed to ammoniumresin (spectra not shown). Potassium and sodium are common contaminants and typically coordinate to polyoxygenated compounds.
MALDI-MS of Derivatized Calix[6]arene
The derivatives of calix [6] arene were prepared with R ϭ CH 2 CO 2 CH 3 (C6A-Me), R ϭ CH 2 CO 2 CH 2 CH 3 (C6A-Et), and R ϭ CH 2 CO 2 CH 2 CH 2 CH 3 (C6A-Pr) as described in the experimental method section. The FT-ICR mass spectra of the esters of calix [6] arene doped with alkali metal salts produced the corresponding quasimolecular ions as the most abundant peaks. The quality of the spectra was similar to those shown in Figure 1 . Addition of the amino acids directly to the calixarene samples did not produce the calixarene-amino acid complex. However, when the derivatized calix [6] arenes were exposed to ammonium resin on the probe tip, the ammonium complexes were observed. For example, the MALDI-FTMS of C6A-Et yielded the spectra shown in Figure 2 . We subsequently investigated ethylamine, propylamine, ethylenediamine, and 1,3-di-aminopropane as guest molecules. Representative spectra obtained under identical experimental conditions are shown in Figure 3 . Ethyl amine in Figure 3a yielded ϩ ). The high abundance of the guanidine-C6A-Et adduct pointed towards a favorable interaction between the guest ion and the calixarene host.
The successful formation of gas-phase adducts between ammonium/guanidinium compounds and C6A-Et prompted us to investigate amino acids as guest ions. Addition of the amino acid lysine (Lys) to the resin-exposed sample followed by MALDI-FTMS analysis yielded the spectrum in Figure 5 . The presence of the peak at m/z 1299.788 corresponded to a calixareneamino acid adduct ([C6A-Et:Lys ϩ H] ϩ ) ( Figure 5) . To obtain spectra with appreciable intensities of the adduct, the calixarene solution was also mixed with ammonium-resin prior to MALDI analysis. The resin facilitated the production of the ammonium and amino acid complexes. Without the resin only the Na ϩ and K ϩ adduct peaks were observed. A systematic study involving 20 naturally occurring amino acids was performed in both TOF and FTMS to determine the effect of amino acid size and gas-phase basicity on complex formation. Table 1 summarizes the results of these experiments for both the FTMS and the TOF instruments. The amino acids were arranged in order of increasing gas-phase basicity. For each amino acid, the intensity of the C6A-Et-amino acid complex was given as percent relative to the NH 4 ϩ adduct (base peak).
With the FTMS analyzer only the three most basic amino acids, namely His, Lys, and Arg, were observed to produce the complex. However, the MALDI-FTMS result of C6A-Et with valine was representative of amino acids that did not form complexes with C6A-Et (spectrum not shown). The ammonium complex (m/z 1170.524) was the most abundant ion followed by the ϩ (m/z 1300.2) complexes. In the time-of-flight mass analyzer, nearly all the amino acids formed complexes with C6A-Et except for glycine, the least basic amino acid, and cysteine. Furthermore, the relative intensity of the complex peak increased with increasing amino acid basicity. As in the FT-ICR experiments, the ammoniumcoordinated species were the most abundant. Similarly, the three most basic amino acids, Arg, Lys, and His, gave the most abundant adducts. However, MALDI-TOF produced more complexes with the amino acids than MALDI-FT-ICR.
That the amino acid complexes were obtained in both mass spectrometers attested to the strength of the interaction. However, because of the different time scales between the two techniques, complexes that were observed in the TOF analyzer may not be observed in the FTMS, particularly if the complexes are metastable to a certain extent. The presence of the complexes in the FTMS indicated that they were sufficiently long-lived and were stable under ambient conditions.
The relatively high abundance of calixarene-amino acid complexes prompted us to investigate the behavior of those complexes during collision-induced dissociation (CID) experiments. CID experiments of the Arg, Lys and His adducts were performed in the FTMS instrument to determine whether the complexes were truly non-covalent. Figure 7a shows the MALDI-FTMS spectrum of the arginine-doped C6A-Et. The complex peak [C6A-Et:Arg ϩ H] ϩ at m/z 1327.604 is approximately 60% relative to the ammonium coordinated species. The isolation (Figure 7b ) and subsequent CID of the complex yielded only protonated Arg (Figure 7c) . Fragmentation of C6A-Et was not observed to a significant extent. Note the presence of the protonated arginine at m/z 175.121 in the MALDI-FTMS spectrum (Figure 7a ). In our experimental setup, ions below m/z 300 are not generally transmitted through the quadrupole ion guide. Therefore, the presence of protonated arginine indicated that the complex underwent metastable decay in the ICR cell prior to detection.
MALDI-MS Competition Studies of Amino Acids with Calix[6]arene Derivatives
We investigated subsequently the selectivity of C6A-Me, C6A-Et, and C6A-Pr towards arginine, histidine, and lysine. Addition of equal amounts of amino acids to C6A-Me yielded the arginine adduct [C6A-Me:Arg ϩ H] ϩ at m/z 1243.548 formed with 40% abundance relative to the ammonium adduct at m/z 1086.436 (spectra not shown). The histidine adduct [C6A-Me:His ϩ H] ϩ at m/z 1224.507 formed in only 2% abundance relative to the ammonium adduct while the lysine adduct was not detected. Similar results were obtained with C6A-Et and C6A-Pr. For all three hosts, the respective ariginine complexes formed in 40% (m/z 1243.548), 27% (m/z 1327.604), and 13% (m/z 1411.691) abundances, respectively (spectra not shown). These results suggested that steric factors may destabilize complexes with larger alkyl groups on the calixarene. In all cases, the arginine adducts were significantly more abundant than the histidine complexes, which were produced in trace abundance. The lysine adducts were not detected. 
MALDI-MS of Derivatized Calix[4]arene
The behavior of the calix [4] arene derivatives contrasted with that of the calix [6] arene for the amino acids. As with calix [6] arene, the alkali metal coordinated species were produced in great abundances with both MALDI-FTMS and MALDI-TOF. However, under the same conditions and sample treatment as that used with calix [6] arene derivatives, ammonium complexes were not observed. For the ethyl ester of calix [4] arene (C4A-Et), only the Na ϩ (m/z 791.299) and K ϩ coordinated species (m/z 825.264) were observed with the Na ϩ adduct in significantly greater abundance (spectrum not shown). The resin treatment did not yield the ammonium complex [C4A-Et:NH 4 ] ϩ . Similarly, the direct addition of the amino acid or the resin pretreatment did not yield complexes for any of the amino acids.
Molecular Modeling of Calixarene Complexes
The nature of the interaction between the amino acids and the calixarene C6A-Et was examined with molecular modeling. Several different initial conformations of the C6A-Et host molecule were considered for complex formation. The substitution on the lower rim of C6A-Et prevented ring-through-the-annulus rotation of the ester groups during the annealing process. However, the lack of substitution on the upper rim made ringthrough-the-annulus rotation of the aromatic hydrogens possible. For example, inclusion complexes of C6A-Et with alkali metal cations were favored by conformers with ring-through-the-annulus rotation of at least one aromatic ring (results not shown). With the amino acids, however, only the complexes formed with the winged-cone conformation as shown in Figure 8 were stable during the temperature annealing process. We investigated complexes of ammonium, protonated valine, and protonated arginine with C6A-Et. The complexes of protonated arginine [C6A-Et:Arg ϩ H] ϩ proved to be stable and withstood the annealing cycle typically employed to find the lowest conformations. This method involved heating the complex at 600 K for several ps. Three tautomers of protonated arginine, with four different modes of interaction with the calixarene host, were examined: (T1) protonation on the guanidine group with neutral amine and carboxylic acid group, (T2) protonation on the guanidine group and a zwitterion formed between the N-terminus and the carboxylic acid (guanidinium inside the cavity), (T3) protonation on the guanidine group and a zwitterion formed between the N-terminus and the carboxylic acid (zwitterion inside the cavity), and (T4) protonation on the N-terminus with neutral guanidine and carboxylic acid groups. The complex T1 was calculated to yield the structure shown in Figure 8a . In the gas-phase, this species yielded a total energy of ϩ38.8 kcal/mol relative to the most stable structure T4. The guanidinium unit was buried deep inside the host cavity because of hydrogen bonding with the phenolic oxygens and -interactions with the aromatic rings. The shortest distance between the hydrogens of the guanidinium group and the two phenolic oxygens on the "wings" of the aromatic ring system was 2.3 Å. The guanidinium hydrogens and the other four phenolic oxygens were separated by at least 4.5 Å. The shortest distances between the hydrogens of the guanidinium group and the aromatic carbon atoms (proton-interactions) were 3.2-4.0 Å. Intramolecular hydrogen bonding between the guanidinium hydrogen closest to the carbonyl oxygen of the acid terminus appeared strong with a bond distance of only 1.87 Å. Figure 8b shows the result of the calculation with T2. The guanidinium group remained inside the cavity of C6A-Et. The shortest distance between the guanidinium hydrogens and the phenolic oxygens on both wings of the host was 2.2 Å. Additional hydrogen bonding-the shortest distance being 2.88 Å-was observed between those hydrogens and the ester carbonyl oxygens on the wings. Proton-interactions were similar to T1 with the shortest distance between the guanidinium hydrogens and the aromatic carbon atoms being 3.3-4.0 Å. The intramolecular hydrogen bonding between the carboxylate and the guanidinium hydrogen was also apparent with a distance of only 1.75 Å. The arginine structure was effectively characterized by a salt bridge with the interactions guanidinium-carboxylate-ammonium. The total energy for the structure as shown was ϩ28.5 kcal/mol relative to T4.
The lowest energy structure for T3 is shown in Figure 8c . The amino acid termini were in zwitterioinic form and remained inside the host molecule. Hydrogen bonding was observed between the protons of the ammonium group and the phenolic oxygen on the wing. The shortest distance was 2.79 Å. Proton-interactions appeared stronger with bond distances of 2.5-4.0 Å between the ammonium hydrogens and the aromatic carbon atoms. With a relative total energy of ϩ30.0 kcal/mol T3 was energetically equivalent to T2.
The tautomer T4 yielded the structure shown in Figure 8d . The protonated amino acid terminus was buried deep inside the C6A-Et host. Stabilizing hydrogen bonding was observed between the ammonium hydrogens and the phenolic wing oxygen (2.3 Å) on the one side and the carboxylic acid hydrogen and the phenolic wing oxygen (2.0 Å) on the other side. Hydrogen bonding between the neutral guanidine and the ammonium hydrogens was exceptionally strong with a bond distance of only 1.86 Å. Proton-interactions between the ammonium hydrogens and the phenyl rings yielded bond distances of 3.3-4.5 Å. Based on the molecular structure it was not immediately apparent why T4 resulted in the lowest energy for a [C6A-Et:Arg ϩ H] ϩ complex. The valine complex [C6A-Et:Val ϩ H] ϩ could not be annealed at this temperature and promptly dissociated. However, the valine complex was found to be stable at 300 K for 400 ps. The resulting lowest energy structure is shown in Figure 9 with the protonated amino acid inside the host cavity. The carboxylic acid group weakly interacted with the phenolic oxygens to form a stabilizing hydrogen bond. The shortest distance between the carboxylic acid hydrogen and the phenolic oxygens was 4.0 Å. The distance between the ammonium hydrogens and the aromatic ring carbons (proton-interactions) was 2.9 -4.7 Å. The observed distances for stabilizing hydrogen bonds or proton-interactions were significantly longer and less numerous than observed for the arginine complexes [C6A-Et:Arg ϩ H] ϩ could not be temperature annealed at 300 K. Figure 10 shows the lowest energy structure that we obtained with simple minimization. Initiating the calculation with the winged cone of the host molecule-used previously for the amino acid complexes-proved unsuitable for the stabilization of the ammonium complex even under simple minimization conditions. A stable complex was obtained when NH 4 ϩ was fully encapsulated as shown in Figure 10 . Hydrogen bonding with the phenolic oxygens stabilized the guest ion. For all four ammonium hydrogens bond distances of 2.1-2.9 Å were observed. In addition, the ester side chains formed "lids" on both sides of the cavity. This steric interaction helped to keep the ammonium ion inside the host molecule.
Discussion
The results from molecular modeling were generally consistent with the experimental results. The valine complex was not observed in the ICR-cell but was observed in the TOF analyzer with only low abundance ( Table 1) . The arginine complex, on the other hand, was abundant and readily observed with both TOF and ICR analyzers. The molecular modeling results from the ammonium complex appeared to contradict the experimental results. The ammonium complex [C6A-Et:
ϩ was the most abundant signal in the mass spectra. One explanation is that the complex was kept intact by the presence of the ester side chains that prevented the NH 4 ϩ from escaping. However, this should have been borne out by the calculations. Alternatively, the ammonium complex [C6A-Et:NH 4 ] ϩ may have been formed in high abundances due to the high availability of NH 4 ϩ . The decay of the ion population after laser desorption leaves a stable component that is still relatively abundant.
The presence of amino acid adducts of derivatized calix [6] arene indicates strong non-covalently bound complexes that withstand even the MALDI process. There have been numerous attempts in this laboratory and elsewhere to form non-covalent complexes of small molecules with MALDI, such as inclusion complexes of cyclodextrins, with no success. Similarly, there have been no reports of crown ethers with ammonium or amino acids formed by MALDI. However, there are numerous reports of crown ethers and cyclodextrins forming complexes with amino acids using ESI [44 -50] . ESI typically imparts less internal energy to the ion. The results in this report suggest that the complexes in the present study are significantly stronger than the corresponding inclusion complexes of cyclodextrins and crown ethers.
It has been proposed that in order to develop more powerful receptors, calixarenes should have rigid cone conformations [51] . For this reason, past research has focused mainly on the more rigid calix [4] arenes. However, gas-phase data indicates that derivatized calix [6] arenes complex amino acids more strongly than the corresponding calix [4] arene derivatives. This suggests that size, more than rigidity or the cone-like shape, is important for increasing the strength of the interaction between the amino acid and the host. In solution, the cation-interactions are sufficient to produce longlived complexes. These complexes, however, do not persist during MALDI ionization. Hydrogen bonds involving the ammonium hydrogens and the phenolic oxygens of the host are significantly stronger, but these interactions are more difficult to achieve in the native calix [4] arene and C4A-Et because of the small cavity size. Calix [6] arene and C6A-Et are more flexible and lack the conical structure typically favored for a host. However, molecular modeling calculations with C6A-Et predict that the phenolic oxygens become more available to the protonated amino acid. In addition, coordination of the protonated amino acid to these molecules fixes the conformation of the host, thereby creating the rigidity that is desired.
Native calix [6] arene does not form amino acid complexes due to extensive intramolecular hydrogen bonding. As a caveat, the mere abundance of one adduct in the MALDI spectrum compared with another does not necessarily reveal the true selectivity of the calixarene host and the intrinsic stability of the complex. The resulting relative abundance of each adduct in the mass spectrum might be a reflection of ionization efficiency rather than complex stability.
Conclusion
This mass spectrometry study suggests that calix [6] arene derivatives show stronger binding of amino acids in the gas-phase than calix [4] arenes. To the best of our knowledge, this is the first time a non-covalent complex between a calixarene and an amino acid has been observed in the gas-phase using MALDI ionization. Adducts were observed using both FT-ICR and TOF detection. The complex formation observed under MALDI conditions suggests that the modified calix [6] arenes can act as effective amino acid receptors. Efforts to investigate the behavior of these compounds in ESI experiments are currently underway in our laboratory.
Derivatized calix [6] arenes may be more effective receptors for amino acids in the gas-phase than the more commonly studied calix [4] arenes. Besides amino acids, the esters of calix [6] arene also formed complexes with ethyl and propyl amine as well as with guanidine and creatinine. The latter two compounds produced the strongest signals with the calix [6] arene esters suggesting a use for calix [6] arene derivatives as potential guanidine sensors.
